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MinireviewGABA Generates Excitement
counts for the fact that ECl is depolarizing (Delpire,Valentin Stein and Roger A. Nicoll*
2000). In contrast, the K-Cl cotransporter KCC2 cou-Departments of Cellular and Molecular
ples Cl transport to the Kgradient and normally lowersPharmacology and Physiology
[Cl]i below that dictated by passive distribution. Re-University of California, San Francisco
cently, several observations indicate that KCC2 activelySan Francisco, California 94143
lowers [Cl]i in CNS neurons during development. Anti-
sense knockdown of KCC2 in hippocampal cultures and
slices results in a depolarizing shift in EGABA (Rivera etIn the CNS, -aminobutyric acid (GABA) acts as an
al., 1999), and in mice lacking KCC2, GABA has an excit-inhibitory transmitter via ligand-gated GABAA receptor
atory action (Hubner et al., 2001). It has also been shownchannels and G protein-coupled GABAB receptors.
that, in addition to the upregulation of KCC2, NKCC1Both of these receptor types mediate inhibitory post-
is downregulated in CNS neurons during developmentsynaptic transmission throughout the nervous system.
(Plotkin et al., 1997). In contrast, DRG cells maintainFor GABAA receptors, this inhibitory action is associ-
high expression of NKCC1 and low expression of KCC2ated with a hyperpolarization due to an increase in
throughout development.conductance to chloride ions. Previous studies show
A summary of the proposed role of CCCs in controllingthat GABAA receptor activation in neonatal neurons
chloride homeostasis is presented in Figure 1. While theand spinal cord neurons can be excitatory. Two papers
developmental switch has been well-characterized, therecently appeared that clearly demonstrate that GABA
possible advantages of an excitatory action of GABA incan have a depolarizing and excitatory action in ma-
immature CNS neurons, as well as in adult DRG cells,ture cortical neurons. Here we discuss the evolving
remain a mystery. For instance, it is not clear if thestory on chloride ion homeostasis in CNS neurons and
depolarization that accompanies the action of GABAits role in the bipolar life of the GABAA receptor.
on primary afferent terminals actually plays any role in
presynaptic inhibition. The conductance increase mightAlthough GABA is best known for its hyperpolarizing
well account for the inhibition, as it does at the crusta-action and its role in synaptic inhibition, a depolarizing
cean neuromuscular junction. An analysis of presynapticaction was recognized in some of the very early studies
inhibition in the NKCC1 knockout mouse, in which theof spinal cord and developing neural tissue. For in-
depolarizing drive for the action of GABA in DRGs isstance, in the original pharmacological studies on spinal
lost (Sung et al., 2000), could answer this question. Itprimary afferent depolarization (Eccles et al., 1963), it
has been proposed that the excitatory action duringwas proposed that GABA had a depolarizing and excit-
development could play a trophic role promoting syn-atory action on primary afferents. This depolarization
apse formation (Ben-Ari, 2002; Owens and Kriegstein,was shown to be a direct action on the primary afferents
2002). However, mice lacking the two GABA synthetic(Barker et al., 1975) and was also observed on dorsal
enzymes GAD65 and GAD67, and thus also lackingroot ganglion (DRG) cells (the cells that give rise to pri-
GABA, have normal brain histology and cytoarchitecturemary afferent fibers) (Gallagher et al., 1978). In addition,
at birth (Ji et al., 1999). These findings in knockout miceit was shown that GABA has an excitatory action in
do not entirely rule out the possibility that fine synapticimmature CNS neurons (Obata et al., 1978), which, over
connectivity and/or postnatal development are influ-
time, switches to the well-established inhibitory action
enced by this proposed mechanism.
of the adult.
The above discussion accounts for much of the action
What accounts for these excitatory actions of GABA of GABA, but there are numerous reports showing that
on DRG cells and immature CNS neurons? In all of these GABA can still have a depolarizing action in mature CNS
neurons, the reversal potential for GABA responses neurons. Previous studies showed that strong activation
(EGABA) is more depolarized than the resting membrane of dendritic GABAA receptors in CA1 hippocampal pyra-
potential and action potential threshold. Since GABAA midal cells causes a depolarization with a reversal po-
receptors are primarily permeable to chloride, this indi- tential considerably less negative than the resting mem-
cates that ECl is less negative than the resting mem- brane potential (65mV), while somatic application
brane potential. Why is ECl depolarizing in these neu- causes a hyperpolarization with a reversal potential
rons but hyperpolarizing in mature CNS neurons, and of70mV (Alger and Nicoll, 1979; Andersen et al., 1980).
what accounts for the developmental switch in the polar- The mechanism underlying this depolarization is not en-
ity of the response for CNS neurons? During the past tirely agreed upon but may involve the bicarbonate
few years, a family of cation-chloride cotransporters (HCO3) permeability of the GABAA receptors. The equilib-
(CCCs) (Ben-Ari, 2002; Delpire, 2000; Owens and rium potential for bicarbonate is approximately 12mV
Kriegstein, 2002) has been identified that tightly controls (assuming an intracellular pH of 7.2), but since its perme-
the chloride gradient across neurons. The Na-K-2Cl ability is small relative to the chloride permeability, it
cotransporter (NKCC1), which is driven by sodium and normally has a modest contribution to EGABA (Kaila, 1994).
potassium gradients, raises [Cl]i. The presence of However, strong activation of GABAA receptors in the
NKCC1 in DRG cells and immature CNS neurons ac- fine dendrites is proposed to collapse the hyperpolariz-
ing chloride gradient, thereby unmasking the depolariz-
ing bicarbonate drive (Staley et al., 1995).*Correspondence: nicoll@cmp.ucsf.edu
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Figure 1. Developmental Regulation of Chlo-
ride Homeostasis in Neurons
Immature neurons and DRGs express primar-
ily the Na-K-2Cl cotransporter NKCC1
and to a lesser extent the K-Cl cotrans-
porter KCC2. This results in a high intracellu-
lar concentration of Cl so that GABAA recep-
tor activation causes Cl efflux and a
depolarization. In mature CNS neurons, the
expression of NKCC1 decreases and the ex-
pression of KCC1 increases. This results in
a low intracellular Cl concentration so that
GABAA receptor activation causes a Cl influx
and a hyperpolarization. The font size of the
lettering for the transporters depicts their rel-
ative importance, and the relative font size
for Cl (red) depicts the gradient across the
membrane.
What is still unclear is whether the inhibitory postsyn- ability is complex and Gulledge and Stuart (2003) carry
out a series of elegant experiments designed to addressaptic potential (IPSP) under physiological conditions can
be depolarizing in mature CNS neurons, and if so, what this issue. If EGABA were more depolarized than the firing
threshold for these cells (63mV), then the IPSP, evokedrole, if any, might the depolarization have on sculpting
neuronal excitability. (For simplicity, we use the term anywhere in the cell, would be purely excitatory. How-
ever, since they report that EGABA is between the RMP“IPSP” to indicate a potential mediated by either GABA
or glycine, even though, as will be discussed below, and the threshold, the effect on excitability will depend
both on the shunting action of the underlying conduc-the IPSP under certain circumstances can actually be
excitatory.) Two recent reports address this issue (Co- tance increase (inhibitory) and the membrane depolar-
ization (excitatory) (Figure 2). What the authors convinc-hen et al., 2002; Gulledge and Stuart, 2003). In studying
the role of GABAA receptors, which are selectively per- ingly show is that to get excitation the depolarization
has to be separated from the shunting conductancemeable to anions, it is essential to use recording condi-
tions that do not alter the normal intracellular concentra- change. The neuron accomplishes this by two mecha-
nisms: temporal and spatial. The temporal mechanismtion of anions and, in particular, chloride. Three methods
are used to preserve the intracellular anion concentra- is due to the fact that the time constant of the membrane
tions: sharp intracellular microelectrodes filled with an
impermeant anion, gramicidin-based perforated-patch
recordings (gramicidin channels are impermeable to
anions), and extracellular recordings. Gulledge and Stu-
art (2003) begin their study with extracellular recording
of action potentials from the initial segment of cortical
layer 5 pyramidal neurons. When brief puffs of GABA
are applied to the soma and are timed to coincide with
just suprathreshold excitatory inputs, the action poten-
tials, as expected, are blocked. In contrast, when just
subthreshold excitatory inputs are paired with similar
puffs of GABA to the dendrite, the response becomes
suprathreshold. This finding unambiguously establishes
an excitatory action of GABA in these cells.
To understand the mechanism for the excitation, the
authors turn to the gramicidin-based perforated-patch
recordings. They show that brief puff application of
GABA, as well as synaptic release of GABA, are normally
depolarizing, both at the soma and dendrites. Interest-
Figure 2. Inhibitory and Excitatory Actions of GABA in Mature Corti-ingly, EGABA is approximately 70mV both at the soma
cal Pyramidal Cells
and in the dendrites, indicating that the chloride gradient
(A) A schematic diagram of a layer 5 cortical pyramidal cell withis similar throughout the cell. Thus, the depolarizing
somatic and dendritic GABAergic synapses is depicted. Also shown
GABA response in layer 5 pyramidal cells is due to the is the axon initial segment, the site of action potential (AP) initiation,
very negative resting membrane potential (RMP) of and a whole recording pipette. (B) A depolarizing IPSP is diagramed
with the underlying conductance increase (shaded area). The restingthese cells (approximately 80mV). If mature CNS neu-
membrane potential (RMP) (79mV), the reversal potential for therons actively extrude chloride as previous studies sug-
IPSP (EIPSP) (69mV), and the threshold for action potential initiationgest, then why is EGABA depolarizing in these neurons?
(63mV) are indicated next to the trace. (C) The combined effectsPresumably, the smaller bicarbonate conductance (see
of the conductance increase and the depolarization on the excitabil-
above) accounts for the depolarization (Kaila et al., ity of the pyramidal cell, tested with an EPSP near the soma, to a
1993). somatic GABAergic input (left) and a dendritic GABAergic input
(right) are shown.The effect of the depolarizing IPSP on neuronal excit-
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prolongs the depolarization so that it outlasts the con- study in Science presents evidence that interictal epilep-
ductance change. This mechanism is important where tic activity in the human temporal lobe is critically depen-
the response is recorded at the site of GABA action dent on the depolarizing action of GABA (Cohen et al.,
(Figure 2B). Thus, in terms of excitability, the cell will be 2002). These authors found that synchronous, epilepti-
inhibited early in the response when the conductance form events originate in the subicular region of the tem-
increase dominates but will be excited later in the re- poral lobe. Although all of the pyramidal cells had similar
sponse when the conductance has subsided but the RMPs (approximately 65mV), in one population, EIPSP
cell is still depolarized (Figure 2C). Next we turn to the was 55mV, while in the other, the value was in the
more important spatial mechanism. When GABA is ap- normal range (approximately 67mV). Cells with depo-
plied at one site on the neuron but the excitability is larizing IPSPs fired before and during interictal events
measured at a distance, the depolarization, in contrast and, along with the interneurons, are proposed to act
to the conductance increase, will spread electrotoni- as pacemaker cells in generating the synchronization.
cally, and thus a purely excitatory effect will be observed One possibility raised by the authors to explain why the
(Figure 2). Since the initial segment is the site of action IPSP is depolarizing in this population of cells is that
potential initiation, nearby somatic GABAergic inputs the altered connectivity associated with the diseased
will be primarily inhibitory, whereas distant dendritic GA- temporal lobe, including neuronal deafferentation, may
BAergic inputs will be purely excitatory, when the excit- result in a switch of the neuron to an immature state
ability is tested at the soma. The authors also show where GABAergic responses are strongly depolarizing.
that application of GABA to mid-dendritic locations is In summary, Gulledge and Stuart (2003) elegantly
excitatory to somatic depolarizations but inhibitory to show that the “inhibitory” transmitter GABA has well-
more distant dendritic depolarizations. Figure 2 summa- defined excitatory actions in mature CNS neurons that
rizes the opposing action of GABA presented in this are critically dependent on the (1) resting membrane
paper. potential, (2) the location of the GABAergic input relative
These experiments elegantly establish an excitatory to the excitatory input, and (3) the timing of the GABAer-
role for GABAA receptors in cortical layer 5 pyramidal gic input relative to the excitatory input. Furthermore,
cells that is critically dependent both on the timing and the study of Cohen et al. (2002) shows that, during patho-
the location of the GABAergic synaptic input. As dis- logical conditions, EGABA can become depolarizing and
cussed above, such an action can occur only when the may contribute to the interictal activity in human tempo-
RMP is more negative than EGABA. Which of these two ral lobe epilepsy. Together these findings demonstrate
variables (RMP or EGABA) is more important in determining that GABA’s control of neuronal excitability in the mature
an excitatory action of GABA in mature CNS neurons? CNS is much more sophisticated than previously
A review of the recent literature indicates that, in general, thought.
EGABA appears to be rather similar (approximately
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